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The Effect of Various UPFC Operating Points
on Transient Stability
Mahyar Zarghami, Student Member, IEEE, and Mariesa. L. Crow, Senior Member, IEEE
Therefore, the choice of a proper operating point is of vital
Abstract-In this paper, it is shown that using the power importance. Some work already exists in the literature related
injection model for a UPFC, there exists a set of operating points to the choice of optimal set of operating points for the FACTS
for which the same amount of ac bus voltage and active/reactive devices in steady-state conditions. These approaches mostly
series power injections can be evaluated. These various operating focus on the operation of the system from aspects such as
points are designated by different dc bus voltages (Vd,) and optimal power flow and UPFC internal constraints [2, 3].
modulation amplitudes (kl, k2) and phases (a,, a2 ). Despite the work done so far, there is still considerable work
Simulations show that the dynamic behavior of a UPFC could to be done in the area of the system dynamics to analyze the
be related to its pre-fault operating situations. The question to be effect of various operating points on the stability and control
answered is to verify which operating point would be the best of the power system.
candidate from a network stability point of view. A linear In the following sections, the power injection model will be
approach based on the eigenvalue problem has been used to described along with an algorithm for finding sets of operating
answer the question and satisfactory results have been outlined. points of UPFCs. These operating points are visualized using
Index Terms-UPFC, Transient Stability corresponding operating plots. In the plots, the stable/unstable
regions are designated based on determining the eigenvalues
of the linearized power system state space matrix evaluated at
I. INTRODUCTION steady-state. Power system simulations have been
r 1HE power injection model has so far been widely used for accomplished to find a probable relation between the
poe ytm iuain. stable/unstable pre-fault operating areas and the likelihood of
-z-.poe sytmsmltoswee.AT eie uha the power system to go unstable after a fault. ObservationsUPFCs are existing in a network. In this approach, UPFCs are
modeled by converting their phasor variables into the are reported and further work is proposed.
dqO domain, which has the advantage that in steady-state, the II. THE POWER INJECTION MODEL OF THE UPFC
UPFC variables are constant. In addition, it is possible to
directly incorporate the differential-algebraic equations of the The equations4of the power injection model for the UPFC
UPFC into the power network. Using the power injection aetknfo [4. I sasmdta h oe ytmibalanced and therefore no zero sequence voltages and currents
model, the action of a UPFC in the network is represented by exist in the network. There are basically nine equations
its series and shunt current injections where these currents are govering a UPFC and its interface to the power network.
controlled by the variations of the dc bus (V9d and Each of the series and shunt parts has two differential
modulation amplitudes ( kl, k2 ) and phases (a, 2 ) [1]. In this equations and there is one differential equation relating the
paper, it will be shown that for the same ac bus voltage and series and shunt parts through the dc link. The four remaining
active/reactive series power injection in a UPFC, there exists a algebraic equations interface the UPFC with the power
set of operating points designated by different sets of network through the two buses of the UPFC. The two buses
Vd, kl, a1, k2, a2 values. of the UPFC are denoted as Bust and Bus2, where Bust is the
bus connected to the shunt transformer of the UPFC.Although each of these sets of control parameters result in
the same power injection model, the different control
parameter sets have different impacts on transient stability. The equations that describe the shunt part of the UPFC are:
id, i +ql + cos(O + al)Vd, - 1cosO01 (1Mahyar Zarghami is a Ph.D candidate at the Electrical Engineering 11 q
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Resources at the University of Missouri-Rolla and a professor at the Electrical WBxl
Engineering Department, University of Missouri-Rolla (email:
row a umredu).
~~~~~~~~~~Similarly, the series equations are:
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1. I? 2 . cosO02± Vj cosoj3)COBid2 =--id2+iq2+r cos(O±+a2)Vd,X- 2 +2 I
i = -id + Jj (4) lll. MULTIPLE OPERATING POINTS OF A UPFC
COB q2 X2 q2 d2 X2 X2 X2 In this section, we verify the existence of multiple operating
points of a UPFC in steady-state conditions. Fig. 1 shows a
The equation for the dc capacitor that links the shunt and UPFC embedded into a line between buses 1 and 2. We mean
series parts is: to regulate the active/reactive power flow through the line as
IP= -kj cos(6 + )id, -k, sin(01 + a)i (5) / Q.C and the voltage magnitude at the ac bus of the
-k2cos(O±a)ia -k2sin(1 -_a_V UPFC as VSC
-k2COS(012+ d2 n( +2)iq2 R
The power balance equations at Bust are: Bus 1 id2 + jl 2 Bus 2
VI (cos(Oj)(id - id) + Sin(Oj)(iq 2C)) (6)
n
-VIY¾YI cos(0l -0oj -(FD) =0
VIK(sin(Oi)(idl d2 )COS(Oj)(iql -q2)(7
-V EVYj¾ sin(Ol -0j -(F)1) = 0 I
Finally the power balance equations at Bus2 are:
Fig. 1. Power injection model of the UPFC embedded into the line from
Bust to Bus2
V2 (cos(02)id, + sin(02 )1q2) (8)
- nV y2cos(02-0- )2) o In a conventional power system with no FACTS device,j=1 two active/reactive power flow equations can be written at
V2(sin(02)id - cos(02)iq ) every PQ bus. With the introduction of a UPFC into the power
n 2 q2 (9) system, the four power flow equations at buses 1 and 2 cannot
2 'VjY2jcos(02 -j- 2y) 0 be written in their conventional form anymore. These four
1=1 equations are vital for the evaluation of two voltage
magnitudes and two voltage phases. Instead of the four
where the following variables are defined: powerflow equations to determine the bus voltages magnitude
and angle, equations (6)-(9) are used. But equations (6)-(9)
c: Base frequency of the network (rad/S) introduce four additional unknowns of i i i i into the
di q1 d2 ~q
RI,Xi :Equivalent Resistance & Reactance of the shunt system. However, because V = Vs, is known, there are
transformer (pu) actually only three additional unknowns. Using equations (l)-
R2,'A2 :Equivalent Resistance & Reactance of the series (5) also adds the additional unknowns ofVdC, kl, a,k2, a2. So
transformer (pu) up to this point, the UPFC has 9 additional equations and 12
id, iv The shunt currents of the UPFC in the direct and additional unknowns. In order for the system to be solvable, 3
quadrature axes, respectively (pu) more equations are needed for every UPFC. From the power
i The series currents of the UPFC in the direct and injection model, two of the equations can be written as:id2 iq edir V2(cos(02)id2 sin(02)iq2 ) =hPFC (10)
quadrature axes, respectively (pu) V2(sin(02)id - COS(02)iq2 ) = QUPFC ()
kl,k2 :Amplitude modulation indices of the shunt and
series parts, respectively To develop the last equation, consider Fig. 2. Here, active
a( a2 Phase modulation indices of the shunt and series power balance at the dc link in steady-state can be written as:
parts, respectively _ Vdc2
VdC :dc link capacitor voltage (pu) Psl1n + .sferire.s--
C Capacitanceofthe dc link (pu)where Pshunt and Pserles are the active powers injected from
:Equivalent resistance parallel with the capacitor of the tesutadsre at fteUF,rsetvl.Mr
dc link, representing the dc losses (pu) specifically, these two powers can be written as:
634
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Asys =A-BD-'C (19)
Pshunt = klVdC cos(=, + l)id + k1V-sin(01 + ai)i4 (13) The eigenvalues of A, determine the relative stability of
Pseres = k2VdC cos(01 + a2)d, + k2Vdc sin(01 + a2)iq2 (14) the system after a fault. If the eigenvalues have positive real
parts, then the relative stability of the system is poor.
Pshunt Pseries 2.5




Fig. 2. Active Power Balance in Steady-State Conditions
Considering Pshunt to be specified, equation (13) is the last
equation needed to determine the UPFC parameters. 0.5
SincePshunl is a specified value, each value of'shu,n determines
a possible UPFC operating point.
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0. 1 0
Figs. 3 show sets of operating kl, k2 and Vd plots for a Pshunt (pu)
UPFC installed between buses 1 and 2 in the IEEE 118 bus (a) k1 vs. Pshnt
test system. The parameters of the UPFC have been given in x 10-3
Section V. As can be seen in Fig. 3a, there is a large variation
in the value of k1 with changes of Sh,nl. However, the value
of kjVd, remains around 1 pu to regulate the voltage of the ac 9
8-
bus of the UPFC to be equal to V,C The dotted lines in Fig. 3
7-
represent the unstable regions determined by the eigenvalues
C1 6
of the linearized system explained in section IV.
5-
4-
IV. EFFECT OF PRE-FAULT OPERATING CONDITIONS ON 3
TRANSIENT STABILITY
2-
In this section, the effect of the initial operating point on the
transient stability of the system will be considered. One basic -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0. 1 0
approach to determining stability is to linearize the system Pshunt (pu)
equations around its equilibrium point. Although power (b) k2 vs. Psh,rn
systems are nonlinear, this approach is able to roughly predict
the relative likelihood of the system to go unstable. 9
Consider the following nonlinear differential/algebraic
equations of the system [5]: 8
X f= (X,Y) (15) 7
O = g(X, Y) (16) 6
Where Xis the state vector and Y is the vector of voltage 5
magnitude/angles of the power system.
>0 4 -\
The linearized equations are of the form: 3
AXX=AX+BY (17) 2
O=CX±+DY (18)
where A\ shows the linearized variable around its equilibrium
point.
~~~~~~~~~~~~~~~~~~~~~~0.8-0.7-0.6 -0.5 -0.4 -0.3 -0.2 -0. 1 0
Using equations (17) and (18), it is possible to get the state Pshunt (pu)
space matrix of the linearized system as: (c) Vd, vs. Psul
635
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Fig. 3. Operating Plots of the UPFC kpk|
dc voltage 5e-2 5e-2
ac voltage 5e-3 5e-3
V. SIMULATIONS AND RESULTS
Figs. 4a and 4b show the series injected power (Psenes) of the
To verify the assumption made in the previous section, we UPFC before and after the fault for the uncontrolled and
show two examples using the IEEE 118 bus test system [6]. controlled cases, respectively. Figs. 5, 6 and 7 depict the
This system has 20 machines, where the order of each variations of the series injected reactive power (Qs.....),
machine is 10, containing the two-axis generator model, Type k V and ac voltage of the UPFC (V,) for the uncontrolledI Exciter/AVR model and turbine and governor models. As we 1 de
discussed in the above sections, every UPFC would add 5 and controlled cases. In this example, it is obvious that the
state variables into the system. So the order of the linearized system is stable and easily controlled.
power system with one UPFC would be 205. Two different
UPFC placements have been considered in the following
examples and their results are explained. The parameters of
the UPFC are:
R2 = 0.00lpu, X2= 0.015pu
01 2 4 63 8 "I 12 14 163
Rp =1OOpu, C 1. 1364pu
Example 1
As the first example, a UPFC placement between buses I
and 2 has been considered with P5, = -0.1 178pu,
Qc -0.1353pu andVc = 0.9528pu . These are basically the 0 1 4 ° l5 " 1Z 14 10
line power and voltage values before the UPFC installation.
Fig. 4. UPFC Injected Series Active Power in Example la
(without control - top with control - bottom)(a) When Pshun = -0. lpu, we get an operating point where: (
k= 0.9626 , k2= 0.0024
a, =6.2815rad, a2 =3.4029rad -0.2
k1Vdc = 0.9533pu -0.3
d =-0.0 I0pu iq =0.0015pu -0.4 10 12 14 16
Ti. (S)
id, -0.0452pu, iqy 0.1827pu 0 (b)
With the above conditions, all eigenvalues of A,,have
negative real values. To observe the transient stability of the -03
system, a fault is applied to bus 30 at 1 s and is cleared after 04 Ll l
0.1 s. Figs. 4-7 show the behavior of the system with and ° (S)
without PI controllers. Four simple PI controllers have been Fig. 5. UPFC Injected Series Reactive Power in Example la
applied to control the series active power, series reactive (without control - top, with control - bottom)
power and voltages of the dc and ac buses of the UPFC [4].
The controller parameters are shown in Table I.
TABLE I
PI CONTROLLER PARAMETERS FOR EXAMPLES 1 AND 2
Series Controller
Active Power 1le-3 1le-3
Reactive Power le-3 le-3
Shunt Controller
636
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(a) The same fault is applied to the system as in the previousX.5 t l T lexample. The same PI controller is used to stabilize the
m-Lll, 1!l 111 xl, IX l 1t 20\ \ 1 ,-1 ,^vl system. As can be seen in Figs. 8-11, the controlled network
.09502 F ''0Nt'l11Jbecomes unstable rapidly. This shows how important the
0.9 choice of initial operating condition is to the controllability
0.85 2 4 6 8 10 12 14 16 and stability of the system, regardless of the choice of initial




(without control -top, with control -bottom)
~~~~0 2 4 6810121 6
ime (S)
(a) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(b)0.94 l3C -
0.988 -2
( ) 2 ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~~~~~~~~ ~4 6 8 10 12 14 166
1im (S) .4
0 0.2 0.4 0.6 0.8 1 1.2 1.4
(b)b
0.98 IIme (S)
0.96 Fig. 8. UPFC Injected Series Active Power in Example lb
0.94 (without control- top, with control - bottom)
0.88 n to -:
0 2 4 6 8 ~~




Fig. 7.ac bus voltage of the UPFC in Example la
(without control - top, with control - bottom) ( -0.1o5 with control botom
0.92 -~ ~ ~~ ~ ~ ~ ~ ~ ~~~~~O-.
0.9 -~~~~~~~~~~~~~~~~~~~~~~~~02
(b) Next, an alternate operating point is chosen with the 0 2 4 6 8 10 12 14 16
Tme (S)~~~~~~~~~~~~~~~~~~~~~lm S
same values of Psc Qs and Vjc, but where 'Pshunt - -0.6pU. me(b)
Note that for the power injection model, these two operating4 ll
points are identical because they have the same series active , 2 9
and reactive power and bus voltage. For this situation, two Ul
complex conjugate eigenvalues have positive real parts, thusa° l'hl
this operating point is locally unstable. From the participationll
factors, it is determined that these unstable eigenvalues are 02 0.2 0.4 0.6 0.8 1 1.2 1 .4
associated mostly with the angular frequency of the generators lime (S)
connected to buses 100 and 112. This means that the UPFC Fig. 9. UPFC Injected Series Reactive Power in Example lb
itself is not contributing directly to the instability. The control (without control - top, with control - bottom)
parameters of the UPFC at this point are:
kl =0.1287 k2 =0.0086
a1l =6.1842rad ar2 1 .6396rad
klVdC=0.9891pu
id =-0.6641pu iq = 0.1577pu
id =-0.0332pu iq =0.1853pu
637
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(a) With the above conditions, all eigenvalues of A have
1.05 SYS
negative real parts. Similar to example 1, a fault is applied to
bus 30 of the network at 1 s and cleared after 0.1 s. Figs. 12-
~1 ' l ,,> , .,'a,l.l gl W 15 show the behavior of the system with and without PI
controllers. In figures denoted by (a), no control has been
0.95 applied until 14.25 s. On the other hand, in the figures0 2 4 6 8 10 12 14 16 distinguished by (b), the PI controller has been applied from
(b) the very beginning. The same control parameters as in Table I
1.2 have been used in this example. As it might be viewed in Figs.
1.1 14a and 15a, after about 14.25 s, the PI controllers do a good
job for stabilizing the system.
0.9
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (S) (a)
Fig. 10. ac voltage of the shunt converter of the UPFC in Example lb 0.6 -(without control - top, with control - bottom)
(a)~~~~~~~~~~~~~~~~~~~~~~~((a) con | 1 1f1'0: 0.24ll-CV t: |l -M & U '-







1h-r Un ,X Aj !0°O2 4 6 8 10 12 14 16 18 20
Time (S)
> 0.5 Fig. 12. UPFC Injected Series Active Power in Example 2a
(without control until 14.25s - top, with control - bottom)
o
0 0.2 0.4 0.6 0.8 1 1.2 1.4
lime (S)
Fig. 11. ac bus voltage of the UPFC in Example lb 0.1
(without control - top, with control - bottom)
O-O .2l 84|i
Example 2
0 2 4 6 8 10 12 14 16 18 20
In the second example, a UPFC placement is changed and it lime (S)
is now placed between buses 102 and 101 in the 118 bus 0.1
network. The initial injection model settings r T
areP,, =0.3966pu, Q, =-0.1063pu, and V,,=0.9866pu.
(D -0. 1These are basically the line power and voltage values before (D
UPFC installation. a -0.2-
0 2 4 6 8 10 12 14 16 18 20(a) When Pshun( = -0. lu , the initial parameters are: ime (S)
Fig. 13. UPFC Injected Series Reactive Power in Example 2a
k1 =1.0018 k2= 0.0075 (without control until 14.25 - top, with control - bottom)
a1l =6.2816rad aX2 = 1.7371rad
k1VdC =0.9867pu
id=-.13pu iq = 8.9314e-4pu
id =0.4113pu iq =0.0638pu
638
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(a) id =-0.7252pu iq = 0.1139pu
id = 0.4158pu iq =-0.0168pu
a 1.1__
>1 JL h 1iJlltsilfn X V ,I,Xl: The control is applied at 12.8s. As it is seen in Figs. 16a, 17a,
18a and 19a, the controller is not able to stabilize the system.
29 4 6 8 1 1 1 1 Actually the control action makes the situation worse.
me (S) However, in Figs. 16b, 17b, 18b and 19b it is seen that when
(b) the controllers come into action from the very beginning, they
could stabilize the system. This again shows that picking an
: 1.1 inappropriate operating point could lead the power system into
Q undesirable behavior after a fault.
0.9
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(a)0 2 4 6 8 10 12 14 16 18 20
lime (S) 0.8
Fig. 14. ac voltage of the shunt converter of the UPFC in Example 2a 0.6
(without control until 14.25 - top, with control - bottom) 0.4
0D
.=0.2(a)~~~~~~~~~~~~~~~~~~~~~~~(







0.96 a L ()
0 2 4 6 8 10 12 14 16 18 20
Time (S) 0.2
(b)
1.04 0 2 4 6 8 10 12 14 16 18 20
Time (S)
1.02-
Fig. 16. UPFC Injected Series Reactive Power in Example 2b




_L L0 2 4 6 8 10 12 14 16 18 20 r r
lime (S)0.
Fig. 15. ac bus voltage ofthe UPFC in Example 2a 0o
(without control until 14.25 -top, with control -bottom) aD
~ 0.1
-0.2(b) Next, an alternate operating point is chosen with the 0 2 4 6 8 10 12 14 16 18 20lime (S)
same values of Js,, Qsc and Vj, where Pshun( = -0.7pu . For this (b)
situation, two complex conjugate eigenvalues have positive 0.1
real parts, thus this operating point is locally unstable. From
the participation factors, it is determined that these unstable 0
eigenvalues are associated mostly with the angular frequency c -0.1
of the generators connected to buses 40 and 112. Here again
-0.2
we conclude that the power system inter-area modes are 0 2 4 6 8 10 12 14 16 18 20
corresponding to unstable equilibrium points and not the lime (S)
UPFC modes. The operating conditions of the UPFC in these Fig. 17. UPFC Injected Series Reactive Power in Example 2b(without control until 12.8s - top, with control - bottom)
situations are:
kj=0.1216 k2 =0.0105
ax1 =6.1752rad X2 = 1.6288rad
639
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(a) happens to the power system.
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Fig. 18. ac voltage of the shunt converter of the UPFC in Example 2b









0 2 4 6 8 10 12 14 16
lime (S)
Fig. 19. ac bus voltage of the UPFC in Example 2b
(without control until 12.8s - top, with control - bottom)
VI. CONCLUSIONS
This work shows that the steady-state power injection
model of the UPFC is insufficient for transient stability
analysis. In the steady-state power injection model, only the
series reactive and active powers and the shunt bus voltage
magnitude are specified. Even with these values specified,
there are many operating states that can be achieved from the
dynamic equations. This may lead to unstable initial
operating conditions. In addition, even if the initial operating
conditions are stable, the stability margin may be sufficiently
decreased so as to adversely affect the controllability of the
system during transients.
Future work would be to apply nonlinear control theory for
the evaluation of an optimal operating condition from the
system's stability point of view. Other approaches such as
application of the energy function methods might also be able
to explain and predict system behavior after a contingency
640
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